Abstract: Formation damage by gel particles has become one of the most important problems in mature reservoirs. The objective of the quantitative analytical model is to identify an analytical model to the best fit of the preformed particle gels (PPGs) filtration test results. This work will analyze the experiments results of low permeability core samples to evaluate the effect of various brine concentrations and particle sizes. This study used a linear analytical model relationship between cumulative volumes versus filtration time with a good fits result. Linear curve equations for the best fitting equation was obtained. According to quantitative analytical model for all of our filtration tests, the cumulative filtration test volume (Vcf) was explained in this paper. Quantitative analytical model results showed the value of the slop m increases as the injection pressure increases. Compared with the experiments, the results show that, if the value of the intercept b > 2 the damage occurred because the gel particles invasion started into the core surface. Results from the quantitative analytical model were indicated to have a good fitting with almost all of the experimental results. It is the first time to use quantitative analytical model to analysis the formation damage by the PPGs. The results can be used to select the best gel treatment design.
INTRODUCTION
A filtration test is a simple means of evaluating formation damage [1, 2] . The oil industry currently uses two standard filtration tests both static and dynamic, to assess damage to core samples. The former is suitable when testing for injection into the matrix rock; the latter assesses injection into a fracture [3] . Filtration test experiments have been used in the past to study the damage of cores fully saturated with brine, oil, or residual oil while injecting suspended particles, oily water, or a combination of both in these cores [4] [5] [6] [7] . Elsharafi and Bai 2012 2013 , 2015 , and 2016 [8] [9] [10] [11] studied the effect of deformable swollen gel particles on low-permeability zones. This research used static filtration tests experiments results to determine whether or not swollen PPGs affected unswept oil zones/areas. In addition, a filtration test was used to find methods for minimizing PPG damage. This research determined the better fits to the previous lab results [8] [9] [10] [11] . The work has been conducted to determine the effect of preformed particle gels on unwept low permeable zones/areas. These results were obtained from an experimental work. filtration test model was used to find out the effect of gel particles on the formation damage. The effect of brine concentrations, particle sizes, gel types, and the rock permeability on the core damage were considered.
The primary objective of the quantitative analytical model is to identify an analytical model to the best fit of the PPG filtration test results obtained and analyze when the PPGs damage the cores. The volume versus square-root-of-time data for filtration tests is effectively described by Equation (1) , first developed by Outmans (1963) [12] for drilling muds'.
Vf l = Vsp + m √t
Where, Vfl is the cumulative fluid-loss volume, Vsp is the spurt volume, and m is the slope of the linear part of the curve. Barkman and Davidson (1972) [13] included the effect of solid particle invasion for static filtration tests. They noted that, if b < 0, no damage has occurred. If b > 0, the cores have been damaged. Variable b is the intercept of the straight line which was used to determine whether or not damage has occurred. Barkman and Davidson (1972) [13] suggested that the invasion of the solid particles takes place during the early part of the filtration test. They derived a simple equation during a linear filtration test. Their study included the cumulative volume (VB) at the bridging time (√(t_B)). They also indicated that a plot of cumulative volume versus square root of time should produce a straight line when t >> tB.
Where, b is the intercept of the straight line and m is the slop of the straight line. Gulbis (1983) [14] proposed using time rather than the square root of time. He displayed his result in Equation 3 . His model provides a good fit with dynamic data taken from dynamic fluid-loss tests. Gulbis (1983) [14] used a hollow-core device.
Vf l = Vsp + m t
Roodhart (1985) [15] proposed the use of both time and square-root-of-time for dynamic fluid loss. Roodhart (1985) [15] used poloymetric Equation 4 . This Equation includes both kick-building phase with a short time and an equilibrium flow region with a longer time.
The constant (B) is, essentially, a fitting parameter that relates to the equilibrium flow region. Penny et al. (1985) [16] introduced the power law model. They added the exponential tn rather than t. Thus, equation (5) fits well with curves that have a longer time.
Vfl =Vsp + m tn (5) Bourgoyne et al. (1986) [17] indicated that the preferred filtration test plot of a cumulative filtration loss versus the square root of time should be a straight line passing through the origin point when no spurt loss occurred. Some spurt loss, however, will always occur. This occurrence shifts the curve vertically, indicating that the intercept is not equal to zero. Chin (1995) [18] determined that, for small wellbores diameter the square-root-of-time relationship cannot be used because of the effect of radial flow. The linear flow theory essential in the conventional analysis cannot be used.
Logeron et al. (1995) [19] used both the relationship between the cumulative filtration volume versus time and the cumulative filtration volume versus square root of time to determine particle invasion. Logeron et al. (1995) [19] used long cores for static filtration test. The relationship between the cumulative filtration volume versus the square root of time for static filtration tests indicates that, after a few minutes, the filtration tests curves almost a liner. Equation 6 describes the filtrate volume.
Where, both b and m are constants which are affected by mud, core properties, and filtration test parameters.
Many researchers have used the square root of time, typically with dynamic filtration tests, and long cylindrical core samples. Long cores have been used to have a sufficient time to flow the mud filtrate invasion before filtrate break through.
This study could not obtain a linear function for the square root of time when cumulative volume versus square root time was plotted for experiments results. These experiments were dealing with a short samples, small diameters, and single linear flow systems.
When the square root of time was used to analyze the experiments results, neither a good fitting nor an analysis explanation for all of the curves because the shapes were smaller with a downward trend. This study attempted to use semi-log plots. Semi-log plots couldn't explain the core damage since the curves trend was upward with same shapes. This study also attempted to use poloymeteric equations. Analysis of these equations was not explaining the experiments results. This study used a linear analytical model relationship between cumulative volumes versus filtration time with a good fits result. This work will analyze the experiments results of low permeability sandstone core samples to evaluate the effectiveness of various preformed particle gels (PPGs) with different brine concentrations and particle sizes.
RESEARCH METHODOLOGY Experimental Materials
Different materials have been used to accomplish this research, including preformed particle gels (PPGs), various particle sizes, and sandstone cores.
Preformed Particle Gels (PPGs)
Two types of PPGs were selected for the experiments: Daqing (DQ) and LiquiBlockTM 40K (40K) gels. DQ is a strong gel particle with a higher elastic module after becoming fully swollen. LiquiBlockTM 40K is a weak gel particle with a lower elastic module after becoming fully swollen. The particle sizes for both gels were between 30 and 120 meshes. Figure 1 shows both PPGs before and after becoming swollen. The PPGs absorbed a large amount of water, increasing their volume.
Swollen PPGs

Swollen PPGs Sample Preparation
The swollen PPGs used in these experiments was prepared as follows:
• An empty beaker was filled with a brine solution of the desired concentration to prepare the PPG.
• Depending on the concentration of the brine, (which was used to prepare the PPGs) grams of PPGs were weighed and slowly added to the brine solution.
• The sample was allowed to swell completely, a process that required more than 3 hours.
• The excess brine solution was separated from the swollen PPGs using a screen.
• The PPG was collected from the screen and stored.
• PPG full swollen weight was measured after extra water was removed.
Brine
Sodium chloride (NaCl) was used to prepare all brines. Various brine concentrations at room temperature were selected to prepare the swollen PPGs. Brine concentration significantly affects the PPG swelling ratio and swollen particle strength. High salinity brine results in a lower swelling ratio and higher swollen particle strength. The brine viscosity was about 1 cp.
Sandstone Core Samples
Figure 2 shows a various sandstone cores which were collected to use in this research, with the permeability ranging from 5 to 320 mD. These sandstone cores were collected from three different sources: Missouri, St James, and Berea sandstone. The characteristics of each core, such as porosity (φ), permeability (k), and average pore throat diameter (d o ) were obtained [8] [9] [10] [11] . The permeability ranges from 5 to 25 mD were considered as a low permeable formation [8] [9] [10] [11] .
Sandstone Core Samples Preparation
The sandstone used in these experiments was prepared as follows:
• Several long sandstone cores were cut for the core flooding measurement.
• The dimensions of all short cores were 1.5 in. • The sandstone cores were put in an oven at 120 °C for 24 h before they were vacuumed and saturated to 100% with the desired brine. The core was vacuumed from the gas or air using the Soxhlet extractor, as shown in Figures 3 and 4 .
Procedure to Measure Core Porosity
The procedures for the porosity measurements were as follows:
• Each core was cut from a different source and then the core dry weight (W d ) was measured. • Both the core diameter (d) and the core length (L) were measured. The bulk volume (V B ) was then calculated by using the following equation:
• The cores were dried and placed inside a beaker. The cap was closed and the buffer valve was opened and the desired brine valve was closed, as shown in Figure 3 .
• The vacuum pump was turned on and the pressure gauge was observed until it reached 25 Hg. If the cores had low permeability, it took a long time to reach the desired pressure.
• The buffer valve was closed and the brine valve was opened then the pump was turned off. It was important to make sure that the brine flowing into the beaker and the samples was saturated.
• After the cores were dried, vacuumed, and saturated, they were then weighed to measure the core saturated weight (W s ), at room temperature.
• The brine density [(ρ) 1.004879 gram/cm 3 ] was used to calculate the pore volume (V P ) by using the following equations:
V P = brine weight brine density (9) • The core's porosity (ϕ) was calculated by using the following equation:
Filtration Test Model
Different constant injection pressures were used to obtain filtration curves. Both filtration test (the relationship between the cumulative filtration volume vs. time) and the permeability measurement of each core both before and after gel treatment were used to confirm whether or not the PPG damaged the cores. The damage of the core could be determined from the shape of the curve. The effect of particle size, rock permeability, and brine concentration on core damage was investigated. Results of these filtration test experiments yielded information useful for promoting a best PPG treatment for conformance control in mature reservoirs. These results can be used to optimize PPG's design and, thus, prevent damage to the unswept, low-permeable zones/areas.
Equipment
The equipment used to perform these experiments was as follows:
• A Teledyne ISCO model 500D syringe pump.
• Filtration models composed of both a core sample and a round tube.
• Two O-rings made of plastic.
• Two caps made of fiber glass, one connected to the pump, and another one to the bottom of the round tube.
• Nuts and washers to tighten the apparatus.
• Four metal rods are used to place the round tube with top and bottom caps and tightening them.
Experimental Setup
Figures 5 represents the experimental setup, which was mainly composed of one Teledyne ISCO model 500D syringe pump (used for brine injection) and one filtration model. The filtration model constitutes a transparent round tube with a core sample fitted inside using two O-rings. Bolts were used to tighten two cups: one above the round tube and one under the round tube. This tube was then connected to the filtration model. Nuts and shims were used to fasten caps to the round tube and control the model. A hole on one side of the round tube acted as an inlet for the injection brine. On the other side of this round tube, another hole acted as an outlet to discharge the brine. Pressure gauges were connected at the top of both core samples and PPGs to record the pressures. A differential pressure sensor was connected to the data acquisition system to record the differential pressure along the PPG pack.
Experimental Procedure
The procedures for the filtration test experiments were briefly described as follows:
1.
Core samples were vacuumed and saturated with brine, and porosity (ϕ) was obtained for each core.
2.
The core sample was fitted on the bottom part of the transparent filtration model.
3.
Brine was injected into the model to measure the rock permeability before gel treatment.
4.
The completely swollen PPG was poured into the transparent tube, sitting on top of the core; the other space was filled with brine.
5.
Brine was injected at pressures of 10, 50, 10, 100, 10, 200, 10, 400, and 10 psi, and each constant pressure was run either for 30 min, or until 500 mL brine (pump capacity limitation) was pumped through the core. The purpose for repeatedly using the 10 psi pressure was to determine whether the core was damaged further when the injection pressure increased. Accumulative effluent was recorded at 1, 2, 3, 4, 5, 7.5, 10, 15, 20, 25, and 30 min for the period of each pressure used.
6. PPG was poured out from the tube and brine was injected to measure rock permeability.
7.
The above procedure was repeated for each experiment and the cumulative filtration volumes were plotted vs. time.
RESULTS AND DISCUSSIONS
Effect of Particle Size
Various particle sizes were prepared and used according to the procedures described in the filtration test section to establish the effect of particle size on core damage [8] [9] [10] [11] . Figures 5 through 11 illustrate the cumulative filtration volume as a function of time for the filtration test experiments. Figures 5 through 11 present the effect of various particle sizes on core damage of cores with the original permeabilities of 5-320 mD. Figures 5 through 11 summarize the results for each injection pressure curve using 30, 50-60, 80, and 100-120 meshes PPG. The curves for both first 10 psi and 50 psi, shown in Figures 5 through 11 , are not linear. The flow rate decreased with time, which indicates the swollen particles, damaged the porous media. The other curves in these Figures are straight lines, which means that flow rate does not change with time and, thus, no further damage occurred at higher pressures. The shapes of 10 psi curves also demonstrate that the core was damaged at first 10 psi and 50 psi pressure but no more damage occurred when the injection pressure increased further, because the 10 psi curves are overlaid except for the first 10 psi curve.
The results also determined the effect of particle size for 100-120 meshes on the core damage with a permeability of 5-320 mD. The lines of injection pressure for each 10 psi are not the same. The lines at 50, 100, and 200 psi are not in a straight line, except for the one at 400 psi, which indicates that the damage occurred when pressures of 50, 100, and 200 psi were used, and no more damage occurs when the pump pressure increased up to 400 psi.
Effect of Brine Concentration
Various brine concentrations were used to determine the effect of brine concentration on core damage with the permeability ranges of (5-320 mD) [8] [9] [10] [11] . Swollen PPG was prepared with a particle size of 30 mesh and brine concentrations of 0.05, 1, and 10 % wt (NaCl). As also shown in Figures 5 through 11 , lower brine concentrations caused more damage than higher brine concentrations. This is because swollen PPGs prepared with a lower brine concentration are softer and penetrate into the porous media more easily than stronger PPGs prepared with a higher brine concentration.
Figures 5 through 11 also illustrate the cumulative filtration volume as a function of time for the filtration test experiments with various brine concentrations. These experiments were conducted to study the effect of brine concentration on the core damage In summary, the damage of different cores first occurred at first 10 psi and at 50 psi, even when using low brine concentrations. All filtration curves are a straight line for rock permeabilities with one exception. The lines for both first 10 psi and 50 psi are nonlinear. No further damage occurred, even as the injection pressure increased. The flow rate for the PPG prepared with a low brine concentration was lower than the sample prepared with a high brine concentration. PPG prepared with a low brine concentration is a weak gel and slightly compressed more which decrease the gel pack permeability.
The swollen particle sizes are larger at a low brine concentration than at a high brine concentration.
Experimental results suggest that the weak gels with a low brine concentration are softer and more deformable than those with a high brine concentration. Therefore, low brine concentration caused more core damage.
Effect of the Rock Permeability
Three cores with the permeability ranges of 5-25, 100-120, and 290-320 mD, were used to examine the effect of rock permeability on core damage. Permeability was measured after PPG was removed from the round tube with the flow rates of 1, 2, and 3 mL/min. Core permeabilities were reduced from 24.00% to 36.89% by using particle sizes of 30, 50-60, and 80 meshes for low-permeability rocks. In contrast, a particle size of 100-120 meshes reduced their permeabilities from 64.76% to 99.30% and, thus, damaged the core more. The permeability reduction also increased with the increase of rock permeability. The dependence of core damage on particle size and rock permeability is caused by the relationship of particle size, rock permeability, and particle penetration into rocks. When high core permeability and small particle were used, more PPGs penetrate into the rocks.
Effect of Gel Types
Liquiblock TM 40K gel is a weak gel compare with DQ gel. DQ gel is a stronger gel with higher elastic model. 40K gel with larger particle sizes adsorb more water than a smaller particle sizes. During filtration tests, the weak gels with larger particle sizes and low brine concentrations compressed further in the fluid channels and loss more water than stronger gel with small particle sizes and higher brine concentrations. As a results more gel deformations occurred and caused a shift in the y-axis which can be seen in Figures 6  through 11 , especially when the 100-120 meshes and 0.05% brine concentrations were applied.
Quantitative Analytical
Linear curve equations for the best fitting equation as you can see in the Figures 6 through 11 , the fitting equation for the all curves show in the Table 1 When core damage occurred, the filtration volume curves for static filtration tests required a few minutes to become a linear function of the time. According to quantitative analytical model for all of our filtration tests, the cumulative filtration test volume is explained by the following equation: The results of this work were conducted by using a very clean sandstone samples. The core samples did not contain clays. Zhou et al. (1997) [20] reported the formation damage which was caused by clay swelling.
According to our analytical results, the PPGs lost some water (volume lost). The value of water loss could explain the core damage. These water losses typically occurred at first injection pressures. The shift of the volume vertically in the y-intercept was occurred even no core damage because the PPGs lose some water. The fitting equations can be helped in the real applications to get an idea about the effect of the particle gels on the low permeable formation before starting gel treatments. The results can be used as a reference in the field applications. Tables 1 through 6 . Shows the quantitative analytical model results for both gels (Liquiblock TM 40K gel and DQ gel) with different brine concentrations and particle sizes which indicate the intercept of each filtration test curve.
CONCLUSIONS
• It is the first time to use quantitative analytical model to analysis the formation damage by the PPGs.
• The relationship curves between the cumulative volume versus filtration time show that if the value of the curve intercept b > 2 the gel will damage the formation.
• Water loss value from the particle gel can give an indication about the formation damage. Weak gels loss more water than strong gel. Therefor the particle sizes will be smaller and penetrate further through the reservoir rocks.
• Preformed particle gels loss water at first injection pressures. The shift of the volume vertically in the y-intercept because the Preformed particle gels lose some water.
• PPG damage on rocks was affected by particle sizes and brine concentrations; more damage occurred with a small particle size (100-120 meshes) and a low brine concentration (0.05 wt% NaCl).
• PPG damage on rocks was affected by core permeability; more damage occurred when a high-permeability rock of (290-320 mD) was used.
• The damage caused by PPGs on unswept, lowpermeability, oil-rich zones could be effectively controlled by controlling particle gel strength, gel type, particle size, and brine concentration.
• This research results can be used to properly select the gel particles that will not damage the formation for the best a particle gel treatment.
